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1.0 SUMMARY OF ADAPTIVE ARRAY BASICS

1.1 Number of Nulls

An adaptive array with N weighted elements hast’degrees of
fréedom, which can be distributed to éllow jammer nulling or as
conétraints for desired éignal maintenance. If all N elements are
weigﬁted; then at least one constraint is néeded to prevent thg
weights from all going to zero, so that the array can form up to
"N-1 independently steerable nulls. If there is an unweighted main
antenna, with N weighted elements; no constraint is required to
prevent the all-zero solution; S0 the:array can form up fb N inde-
péntentlyAsteeréble nulls.

1.2 Adaptive Arrays Controlled by the ILMS, Ggggient Controlled
Algorithm

'The IMS algorithm £].3' employs feedback central to adjust the

array weights to minimize the mean square error E between the array
output and a desired signal response. With W representing the

complex weight vector, the system equation is

. A : -
WEERR - Vw\él*' : -zk‘ex*‘
where k is a gain (or step size féctor)'and Y&Jrepresents the
'gradient wit-h resp.ect to W; and ¥*is the complex conjugate of the
vector of signals received at each weight input.

| A block diagram of an IMS adaptive array is given in Figure 1.
A modified IMS adaptive array is sketched in Figufe 2 in which a main
antenna input replaces the desired signal réference;land the integrator

_is replaced by a narrowband filter.
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1.3 Complex Weight Implementation

Tﬂe complex weight may be implemented in polar coordinates with
a variable attenuator and 360° phase shifter, or in rectangular co-
ordinates as showp in Figure 3.' This implementation is preferred be-
cauée both contfolliﬁputs' (Wi‘and Wo) are processed identically.
The RF or IF input is sPIit\into two quadrature channels, each of
which is édjusted in amplitude by a -real bipolar weight (bipolar
in the sense thét the sign can be + or -), the outputs of which are
_combined'in pﬁase to form the complex weight output. A PIN diode
implementation of the bipolar attenuator allows it to be built with

low intermodulation distortion.

1.4 Nulling.Cﬁaracteristics of Adaptive Array - N Cufve,

.Thé édéptive érray nulling behavior is characterized by the
N-shaped curve.given in Figure 4. It is derived in[2] for a single
jammer scenari§ with a two-element array with one elehent unweigﬁted,
and with a narrowband filter in the cbntrol loop. A low level input
is not nulled. When the input level exceeds a threshold power level
Py, nulling begins. This is due to the fact that an input level
below Py produces a feedback 1o§p gain below unity; so the LMS feed-
back 1ooé does not respohd.

The closed loop voltage gain is edual to Pin/PT; so that fof
Pin~ Pi; a stronger inbut actually comes out weaker in the reciprocal
suppression region of the N curve. This region is eventually terminated

by noise effects in the loop amplifiers, or by broadband null depth

limitations. Thus, the loop gain is one of the limits on null depth.
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Although derived for a specific case, the N-curve represents an
approximation'to behavior under other conditions as well. If the loops
contain perfeet integraters inetead ef‘nafrowband filters, then Pp is
determined by the front eﬁd noise level [3] . If the edaptive array
is overconstralned in that there are n incident Jammers at varying
power levels but there are only k degrees of freedom (k < n), then
PT is determined by the (k + 1)- th strongest jammer. In multiple
Jjammer scenarlos,vthe N-curve approximates the nulling behavior of the
adaptive array on each jamﬁer individually in most cases; Data for 2

jammers is shown in Figure 5 and in f4j . ‘ e

1.5 Bandwidth Limitations on Null Depth - M effect

. A broadband jammer may not be received simultaneously at all
. elements of an adaptive array; corresponding eo different'phase'*vsF
frequency slopes in the various array channel transfer functions.
The complex weight attempts to compeusate for these variations by
- a freqﬁeﬁcy-flat phase shift; which is correct at only one freéuency
and has ever .increasing phase error as a functien'of offset from that
frequency
This 11m1tat10n has been analyzed in ['Z] for a two element array.
The assumed Jam@erpower density spectrum is shown in Figure 6a, and
'the power density spectrum after nulling is shown in Figure 6b. Be-
cause of the spectral shape in Figure 6b; the null depth limitation is
termed the "M effect". The ratio of power level in the output spectrum -
'oﬁ_Figure 6b to the power level in the spectrum of Figure 6a has been
'cbmputed in [2] for endfire arrival on a two element array with

interelement spacing d. These results are graphed in Figure 7.
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N SPECTRAL
DENSITY

N

FREQ —>
FIGURE 6a , '
BROADBAND JAMMER POWER SPEGTRAL DENSITY

SPECTRAL
DENSITY

FREQ —>
FIGURE 6b

POWER SPECTRAL DENSITY AFTER NULLING
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Broadband null depth can be maintained at the expense of hardware
complexity if the array channels each pass through an equalizing net-
work fS] » such as an adaptive tapped delay line equalizer on each

element as described in [:1] .

1.6 Noncancellation Regions with a Main Antenﬁa Adaptive Array

The use of a desired signal reference in Figure 1 prevents the
weights from seeking the all-zero solution by requiring that the
desired signal be maintained at a fixed level. The main antenna
systém of Figure 2 aléo prevents the all zero solution; but it will
null any jammer or signal above its threshold (seevSection 4) within
the capébility of its degrees of freedom. It is most useful for
desired signals whose received level is below the nulling threshold.
| Another drawback of the méin antenna adaptive array is pointed |
“put in f2] :in that there'are-certain;jahmer geometries for which
nulling cannot be achieved even though the number of jammers equals the
degrees of freedom of the array; This occurs because there is a linear
dependence between the jammers as received;af the weighted eléments.
As éhown inJFZJ for the case of an array with two weighted .elements
and'ﬁne unweighted; two jammers'cannot be cancelled if the angle formed
by the iﬁtersection of.their propagation vectors is bisected by the
line joining the two weighted elements. 1If the third element were
weighted, nulling of the two jammers would be achieved by the third

weight going to zero.

-11-



1.7 Aceuisition Time
Because of the dependence of loop gain on jammer strength, and
because of the dependence of the reSponse time of a feedback loep on
its loop gain; acquisition time depends on jammer strength. An analysis
is done in [2] for a two element adaptive array (one element unweighted)
of tte jammer’ acquisition time (to within 3dB of the final value) as
a function of jammer strength. The result is given here in Figure 8.
When multiple jammers are incident on an adaptive array; the
stronger ones will in general be nulled fastest. However; Figure 8
does not apply strictly to each jammer individually because the system
behavior to any one jammer is not independent of the others. This is
most clearly seen by a system analysie in terms of its normal modes
[ 61 in which the weight vector is transformed onto a set of ortho-
nomal coordinatés so that the inpﬁt correlation matrix is diagonalized.f
,The t1me constant assoc1ated w1th each mode is determlned by its.
elgenvalue ‘which in- turn is reIated to the Jammer power 1evels and the
geometry of their distribution with respect to the array element locations.
A trade-off of null depth vs. acquisition time is analyied in f6]
and [7] . Faster acéuieition causes greater varianee in the output
error signaié about its mean value; which is reflected in the mean-
equare measurement of null depth. |

1.8 Related Systems - The Radar Sidelobe Canceller (SLC) and The

Interference Cancellation System ICS)

The SLC and the ICS are closely related to the adaﬁtive array

in structure and function. This relationship is easily seen by com-
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paring the block diagrams of Figures 1 and 2 to that for the SLC in
Figure 9 and to that for the ICS in Figure 10. |

1.9 A Spread Spectrum Adaptive Array

When an adaptive array is used in a spread spectrum system, the
spread spectrum modem may be used to synthesize a desired signal
reference to be used as in Figure 1. Such a system is described in
[4] . A block diagram is shown in Figure 11. The SS modem is used
to extract the desired‘signal from ehé residual jammers at the adaptive
array output by stripping the PN code from it and filtefing to the
data bandwidth. The PN code is then restored and the resulting signal
is hard-limited-to hold its level fixed as a desired signal reference.
Without the hardllimiter; the weights could minimize the error signal
‘by addpting the all zero éblution; which cuts out reception of desired

.signal as well as jammers.

=14~
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2.0 APPLICATIONS OF FAST ADAPTIVE ARRAY TECHNOLOGY

In this chapter we discuss three communlcatlons appllcatlons
for an adaptive nulling antenna array;hav1ng a very brief readaptloh';
time: (a) Time Devision Multiple Access (TDMA) Links

| (b) Fast Frequency Hopped (FFH) Llnks
(c) Links affllcted with many 1mpulse type 1nterferences.

We first review the state of the art in rapidly adapting LMS

arrays.

2.1 State of the Art in Fast Adaption

2.1.1:Achievements to Date
| Adaptive array processors with adaption times in the micro-second
range have been built. One such processor [2] was capable of nulling
in 20 micro-seconds (operatlng at UHF) with its 1973 components.
Other hlgh speed adaptive array work in which thg authors participated
- was at L-band and was cafable of nulling in 6 microseconds. |
2.1.2 Hardware Limitations of Fast Adaption

TheAadjustment of the set of complex weights controls the antenna
~ pattern formed by ﬁhe array. If that pattern is to be capable of fast
change; then obviously thé complex weights must be cépable of fast
change.

A block diagram of a complex weight implemented in quadréture
form (aé opposed to amplitude and phase) was given in Figure 3. It
contains two balanced modulators to séparately adjust the in-phase

(I) and quadrature (Q) weight components.

-18-



A

Aanumber of techniques are available to implement the balanced
modulators. One technique is to use a Schottky diode balanced mixer
as-a modulator, This technique produces an extremeiy fast‘complex
weight, but it mﬁst be operated at relatively low power levels to
prevent the generation of intermodulation products which effectively
produce a floor on the null depth. High frequency transistors may
be ﬁsed in a balanced configuration with more resistance to inter-
modulation products énd small sacrifice in the high speed control
capability. PIN.diodes may also be used in a balanced configuraiion,
giving a full fange of trade-off between intermodulation product
generation and control speed as a function of the carrie: lifetime

associated with the diode type and the frequency at which it is used,

The weight control system must also be capéble of a
high speed response. In open loop weight control systems, such as
a direct matrix inversion algorithm, a small throughput delay is
-required. In feedback control systems, such as the LMS algorithm
and its derivatives, loop stability requires that the closed loop
contain a singlé pole lowpass filter for its dominant pole, and all
other poles must be at much higher frequencies., This requirement
imposes design constraints on the filteting within the loop, as-
well as in the selection of operational aﬁplifiers.

Circuit dynamic range in a feedback weight control system is
also an important consideration. Adaption speed is sacrificed if
saturation occurs in the weight control system before adaption when
jammer nulls have not yet been established. If enough phase shift
accompanies the saturation, adaption may never occur (unstable loops),

even though for small signals the loops may be stable,

Ce19-



'M772;1;3 L;fTheoretical Considerations of Fast Adaption
Fast adaption time necessitates the avoidance of narrow-

band fiitering in generating the weight control voltage. Since
the cqntrol system is adaétive, the weight control‘ﬁdltages-are
derived ffom the signal and jammer scenario seen by the adaptive
array. These waveforms are often noiselike in nature, so that the
‘weight control voltages without heavy filtering will not be steady,
but will contain some jitter components,

These effects have been analyzed fdr adaptive arrays with tMS
control in [?ﬂ and [8]. The analysis in.[ﬁ]shows that the mean
square output of the adaptive array is equal to thé_ideal mean

square output mulfiplied by the factor N ‘ S
o - 1+ (g/4BT) 3, P (2-1)
where Agl Pn is the sum of the jammer input power_levels
B is the jammer bandwidth at the adaptive piocesspr input
7 is the time constaqt of the lowpass filter providing the
weight céntrol
g is é gain factor relating input power level to feedback
loop gain (dimensions are inverse power).
As long as the second term in (2-1)is small compared to unity,
then weight jitter will cause negligiblé deterioration in the adap-
tivé afray perforﬁance (that is, there is a negligible penalty for
fast adaption time).
As an example, let us assume a single jammer whose loop gain

is set at gP=20 (26dB), which will allow a null depth of 26d4B.

Results in [Q,Fig. lﬂ show that the adaption time ta is related

to ¢ for gP=20 by




L ' if we require ta=l microsecond, then ’r= lo-s_seconds. If the
input bandwidth B is 5MHZ, then the value of the second term in
(2-1) is computed to be 0,1, For this case there is a negiigible
penalty forAfast‘adaption time.

" 2.,1.4 Techniques to Improve Adaption Speed with LMS Control

In many cases for a fast frequency hopping system thé
j signalfénd jammer scenario will change very 1ittie in the time
“interval between uSe of any particular hop frequency. Except for
pulsed jammers, these changes will mainly be due to slight vari-

~ations in received amplitudes and phases caused by flexure of the

_array support structure.
| Storage 6f the last weight values used in each frequency bin
then allows these values to'be reinserted as the initial condition
for the start of the adaption process. Since the new adapted weight
values will usually not differ substantially from the old ones,

 adaption can be completed more rapidly.

Beforg'adaption takes place the output level of the adap~-
tive arréy processor is much higher than it is after adaption;

_This difference in level can be sensed and used to spéed-ub adaption
either by,temporarily increasing the 1obp gain or temporérily de-‘
creasing the lowpass filter time constant to values which WOuld
cause degraded operation in steady state., After the output levei
hds decreased to near the steady state level, the original time
Vconstant or loop gain is reassumed. A very simple implementation

of this technique was used in [é] .

-21-



2.2 épplication of a Fast AA to TDMA

| In many TDMA systems each user in the net must be capable of
receiviﬁg signals sequentially from many users in different diréctions.'
To simplify this illustration suppose that each user transmits a - |
distinct spread spectrum (SS) coded waveform. An adaptive array that
uses the coded waveform to avoid nulling the user is illustrated

in Figure 12. Ignoré for the present reference to frequency hopping
(FH) in the figuré. At the AA output the code of the m-th user is
employed to demodulate the SS code and to collapse the signals spectrum
tp:ité’relatiVely narrow bandwidth. The signal passes through the
ﬂarrow band pass filter (BPF) and is remodulated by its SS code to
synthesize a sighal reference for the AA feedback loop. The jammer
 wévef;rms have little or nqh’correlation with the SS waveform and

héncé will have most of the wideband components of their product
with the SS codé well outside the narrowABPF. Thus; the AA error
signal & consists of two terms: uncancelled jammer terms; signal

2’to zero the jammers

* mims reference term. As the LMS loops drive €
are,nulled‘ét the array output and the desired signal is driven to
 the reference level at the limiter output. This acté as . a gain con-
straint in the array pattern and prevents null formation in the direction
‘of the ‘m-th signal. | |

. When the (w+l)-th TDMA signal arrives the array must readapt so .
- that its pattern will provide adequaté gain toward the Gm+1)~th“user.
Readaption time must be short compared to the time that each user is

allocated for transmission so that the beginning of each message is

not lost. For example to assure a 99% message throughput in a TDMA

22~
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.

'system which allocates 1 ms per user; the array must readapt within
10. usec. "

We haven't addreésed high speed null formation here because thé
'inte:ference scenario will often be the same as difference TDMA trans-
mitters come-on the air. | | |

If there are not too many users in the TDMA net and if the net
geométry only changes a little between consecutive times thét the
m-th user tfansmits; then the set of weight values {wﬁSCbgld be
‘sto;éd away after each adaption(on the m-th user. These same values

. would then be érogrammed inéd the complex weights just és ﬁheim—th |
user .‘reappears to give the AA controi system a "flying start" on

‘readaption.

This approach to providing a reference which the AA output is
forced to approximate with minimum mean square error has been established
by analysis and testing of experimental models. [4& ], | e

-f“"2;3ffffiFan Array Technigues for Frequency-Hopped Receivers

Ffequency~hopped spreéd spectrum receivers are a special case
~of widebénd:receiver as far as the design of a complementary
l adaptive array is concerned."This is because the full bandwidth
’is not occupied iﬂSEantaneously but on a frequency—hopﬁed basis
bi/over time. At any instant of time éhe réceiver bandwidth is the
signal bandwidth about eacﬁ individual hop frequeﬁcy.
Such a receiver can be likened to a so called "narrowband"
radio receiver that is pseudo-randomly tuned across a wide band

of frequencies, It would be unwise to atteﬁpt to design an

-24-



3 _édaptive érray for an airborne UHF radio that provides AJ>at all
times across the 225-400 MHZ band when only one 25kHZ channel is
in use at any time. A much more effective way is illustrated‘in
Figure:13 L where the signals from each antenna aré frequency con-
 verted to 5 fixed IF for bandlimiting abéut the desired channel
before adaptive array processing is applied. The nulling capa-
'bility of the adaptive array is thus concentrated in the desired
signal‘cﬁannei,instead of being dispersed throughout the RF band |
or deteriorated by broadband null depth.limitations.
ﬁ  The'ﬁa{h distinction in the anéiééy between a frequency-
v»hopped spread spectrum receiver and a tunable "narrowband" receiver
is the hopping speed, which then iﬁppses'a reggi;emént on the speed
of null formation of the adaptive affay proééésﬁr.' Each time a
. new f:equency is used, the adaptive array processor must readapt
itself to combat thé new jammer scenario. For such an adaptive

array to be effective it must be adapted in a time short compared

% .

to the hép dwell time,
“Thevfast;r that an Aé.éanﬁédapt té é new fréquency hopkaH)
the faster the allowable FH r#te and hence the more difficult for
an enemy to coﬁstruct a FH following jammer. The Elock diagram of
an AA for a FH spread spectrum (SS) receiver is illustrated in
Figure 12. where only the T-th antenna channel is shown. The
wideband RF preamplifier establishes the system noise figure;

The FH LO from the SS receiver converts the wideband FH signal

from RF to a common IF (e.g., 70 MHZ). An IF strip filters the

reduced bandwidth signal to its psuedo-noise (PN)bandwidth
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(e.g. 5 MHZ ) and an AGC_adjusts the signal to a»level which is
snitaﬁle for the AA nulling thresho1d.. The ACC must be as fast
as the FH rate srnce janmers in ”time—adjaeent” frequency slots
mayAbe of different strengths. The rest of the AA in Figure 12
is a conventional LMS loop (discussed in Chapter 1) and a signal
reference lsop (discussed in seetion 2.2). |

When the AA of Figure 12 is fast enough to readapt in a frac-
tion of the time between hops thefnullinglbandwith is SMHZ<.
A Censider an interference thet'bovers the entire FH band (e.g. 100 MH;).
Suppose the band’is located at 1 GHZ and array elements are
seperateaﬁby )/2” ( A= 6.3 metersj.

In a cqnventionalvAA without dehopping and re-adaptien the
- results of Chepter 1 show that the null depth on a 100 MHz wide
interference at endfire would be less than 20dB. The fast AA
| would need iny null that 5 Miz wide portion of‘the 100 MHz
wiae interference that lies in band at any instant and would be
able to aenieve up to a 46 dB null at endfire.

Against narrowband or spot interferences the fast FH AA offers
a different adventage over aAcenventional AA., An N element AA can only
form N-lvindependent nulls at a time. Thus the fast AA can null
‘up to N-1 distinct sources of interference in each 5MHZ FH slot
‘while the wide-open conventional AA can null N-1 interferences
in the entire (100 MHs ) FH band. 1In a severe interference environ-

ment the conventional broadband AA will rapidly exhaust its degrees

of freedom.



The fast AA priateé many of the problems that beset wideband
AA's for FH receiveé; The probiéms that plague wideband AA's
‘include: | -

(a) Multipath and other sources of time dispersion
creating ''mew" jammers.

(b) Delay dispersion across the array leading to the
"M effect'.

(¢) Circuit variations with freéuency causing differential

| amplitudevand phase vs. freéuency variations from AA
channel to channel; thus filling in nulls.

(d) Hardware complexity as complex weights must be re-
placed by cumbersoﬁétapped - delay line adaptive
transversal filtefs [ﬁlﬁ] each having up to 64 LMS
1oops; |

2.4 Fast AA For Nulling Numerous Impulse - Type Jammers

In this section we describe how a fast N element AA can have-
more .than N-1 épparent degrees of freedom against impulse type
jammers. It is shown how this fact greatly complicates an enemy
ECM task. - |
2.4.1 Number of Jammers Nulled by a Fast AA

An N element array can only form N-1 1ndependent nullé at one
time and hence the AA can reject at most N-1 distinct Jammers.

Now consider a collection of K.dispersed jammers each transmitting

- a short pulse of duration at with an average time T between pulses.

If K = N-1 a conventional N element array will fail to protect a

victim receiver. An N element array that can adapt in a time T
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that is short‘cdhpared to the jammer pulse duration can effective1§¢
null "all K jammefs providing that pulses from no more than N-i
of the jémmers arrive simultaneouély at the array. This is not
likely for many values of k and N since it is difficult and
costly for the K'diSpersed jammers to synchronize their trans-
missions; |

As an example; consider a N=2 element array and let K=2
jammers. Each jammer will independently transmit pulses having
a duration at = 250 /usec. (e.g. matches to a 4 KHz UHF AM
voice communication channel) at pseudo random times with an aver-
age interval T = 5 ms between pulses; (5% duty cycle). Suéh a
jammér pair would greatlyldisrupt a radio protecfed‘by a conven-
tional (slow) 2 element AA. A fast AA (adaption time € 20 4sec.)
wouldisequentially null both jammers on a pulse by pulse basis and
4 would on1y fai1 when pulses from both jammefs arrived at the same
fime. For a 5% duty cycle jammer pulses would coincide only every
1/20th:§ulse or (.05)2 = .0025 fraction ofvtime. On an average
power basis jammef powérAwould be reduced by 20 to 1;'(13 dB
spacial AJ). .
2.4.2'Are;1mpu1sé Jamﬁers a Possible Threat?

Witﬁ the deployment of AA's in the 1980's jammer strategies
will have to change. A conventional (slow) AA will proVide 20 dB
to 40 dB additional AJ against jammers transmitting waveforms whose

short term average power is constant with time (e.g. cw, swept FM,

barrage noise).. A jammer network can defeat an AA by using wup the



AA's limited degfees of freedom. Thus four jammers are required

" to defeat a four element AA, But the jammer cost in hardware,

fuel, personnel, etc., has increased four fold from the pre-AA
days when a single jammer sufficed. Fuel could be saved by
0perétin2 four jammers on a 25% duty cycle basis. Even more fuel
could be saved by operating on a 5% besis ﬁhereby partially off-
setting the acéuisition and life cycle costs of the four jammers.
Heat dissipation in a 5% duty cycle jammer is much less also which
would lead to a less expensive circuit design. For theée reasons

impulse type jammers of low duty cycle are believed to be a rea-

sonable enemy ECM strategy for the mid-1980's; at least until fast

AA's replace slower AA's.
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3;Q _ RECOMMENDATIONS FOR.FAST AA DEVELOPMENT

Three appliéations of fast AA technology;to ECCM were discussed
in Chapter 2., Modern communications systems such as 3TIDS4II;
‘TIES; Packet Radio; SEEK TALK could increase their jam resistance
by incofporating fast AA techﬁidues. Additional development work
is required to solve certain circuit difficulties with fast adaption
LMS loops and additional analysis is reduired to better predict AA
nulling performance against sophisticated jammer networks. Worth-
~while development tasks are listed below.

3.1 Multiple Impulse Jammer Network Analysis

The analysis of the performance of a 2 - element fast AA with
a pair of pulse type jammers (section 2.3.1) should be extended to
determiné parametriéally the average AJ (in dB) afforded by a
fast N—eiement AA against K jammers»ﬁhere each jammer traﬁsmits
a pulse of duration At evéry T seconds.

3.2 gpeadboard Fast AA for FH Receiver

A simple one or two loop fast AA breédboérd should be cénstructed
and interfaced withla FH reéeiver tor simﬁlated FH system) to vérify
its theoretig#l‘advantéges. The uée of a fast AA to aid spread
'spectrum“mﬁdemf'acquisition in a severe ECM enviromment should be
studied. 4thh can be learned by experimenting with such a breadboard
and a variety‘of jammer types and depioyments at‘relativelj modést

-cost.
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